Research on the relationship between mitochondrial membrane potential and fermentation profile is being intensely pursued because of the potential for developing advanced fermentation technologies. In the present study, we isolated naturally occurring strains of yeast from sake mash that produce high levels of malic acid and demonstrate that variations in mitochondrial membrane potential correlate with malic acid production. To define the underlying biochemical mechanism, we determined the activities of enzymes required for malic acid synthesis and found that pyruvate carboxylase and malate dehydrogenase activities in strains that produce high levels of malic acid were elevated compared with the standard sake strain K901. These results inspired us to hypothesize that decreased mitochondrial membrane potential was responsible for increased malic acid synthesis, and we present data supporting this hypothesis. Thus, the mitochondrial membrane potential of high malic acid producers was lower compared with standard strains. We conclude that mitochondrial membrane potential correlates with malic acid production.
Introduction
Because mitochondria are the site of oxidative respiration, their role in determining the fermentation profile during alcoholic fermentation has long been debated (Albertin et al., 2013) . However, we previously demonstrated that mitochondrial membrane potential affects fermentation profiles (Kitagaki & Shimoi, 2007; Kitagaki et al., 2008; Kitagaki, 2009; Motomura et al., 2012; Kitagaki & Takagi, 2013; Shiroma et al., 2014) . For example, mitochondrial morphology was first shown to affect the rate of malic acid synthesis. Moreover, we were the first to show that production of malic and succinic acids is affected by mitochondrial membrane potential and that malic acid is produced outside mitochondria during alcoholic fermentation. Furthermore, sake yeast strains that are relatively poor producers of pyruvate exhibit high mitochondrial metabolism (Agrimi et al., 2013) . However, these studies did not determine whether the differences in fermentation profiles were caused by naturally occurring mutations in brewery yeasts that affect mitochondrial activities.
Most organic acids in sake (traditional Japanese rice wine) are produced by Saccharomyces cerevisiae sake strains during alcoholic fermentation (Kitagaki & Kitamoto, 2013) . Among them, malic and succinic acids are the most abundant constituents in sake (Asano, 2007) . Because these organic acids are far above sensory thresholds, their concentrations greatly affect the taste of sake taste, which is a significant concern for brewers (Yoshida et al., 1993; Oba et al., 2008) .
Compelling evidence supports the hypothesis that malic acid is synthesized through an oxidative pathway involving the mitochondrial TCA cycle as well as by a cytosolic pathway involving pyruvate carboxylase and malate dehydrogenase. The existence of these pathways is supported by experiments showing an increase of malic acid in strains overexpressing fumarase, which is a component of TCA cycle (Peleg et al., 1990; Pines et al., 1996; Wang et al., 1998) , strains overexpressing malate dehydrogenase (Pines et al., 1997) as well as by strains overexpressing pyruvate carboxylase, cytosol-targeted malate dehydrogenase, and malate transporter (Zelle et al., 2008) . This hypothesis is supported as well by the decrease of malic acid in strains overexpressing malic enzyme, which catalyzes the conversion of malic acid to pyruvic acid in mitochondria (Redzepovic et al., 2003) . In contrast, Kitagaki et al. proposed a new pathway that involves manipulation of mitochondrial phenotypes such as morphology and activity to increase the rate of malic acid synthesis (Kitagaki & Shimoi, 2007; Kitagaki et al., 2008; Kitagaki, 2009; Motomura et al., 2012; Kitagaki & Takagi, 2013; Shiroma et al., 2014) . Furthermore, Nakayama et al. (2012) demonstrated that the high level of malic acid produced by the sake yeast strain No. 28 depends on the inhibition of mitochondrial metabolism.
We reported previously the isolation of sake yeast strains at a frequency of 1 : 200-1 : 300 that produce relatively high levels of malic acid from sake mash (Oba et al., 2008) . We found that stress response genes such as HSP12 are commonly upregulated in these high malic acid producers, whereas the expression of genes involved in thiamine synthesis, such as THI4 and SNZ2, was downregulated (Oba et al., 2011) . However, the details of the mechanism responsible for high malic acid production by these strains are unknown. Therefore, we hypothesized that the mitochondrial activities of the high malic acid producers were lower compared with wild-type strains. In present study, we demonstrate that the mitochondrial membrane potential of these strains was lower compared with wild type and that malic acid synthesis correlated negatively with mitochondrial membrane potential. These results support the theory that mitochondrial membrane potential plays a role in the fermentation characteristics of yeast and show for the first time that variations in mitochondrial membrane potentials caused by spontaneous mutations determine the malic acid production profile of brewery yeasts.
Materials and methods

Yeasts strains
Sake yeast strain K901 was purchased from the Brewing Society of Japan. High acid-producing yeast strains from sake mash were isolated from sake breweries as described previously (Oba et al., 2008) .
Enzyme assays
The preparation of enzyme solutions followed published procedures (Oba et al., 2011) with the exception that yeasts were statically grown at 20°C for 72 h on YM medium containing 10% glucose (YM-10; 100 g L Isolation of respiratory-deficient sake yeasts
mide at 25°C for 24 h. The cells were spread onto plates containing YPD agar. Petite colonies were identified by eye. Ten respiratory-deficient petite colonies were cultured in YPG medium containing 20 g L À1 (w/v) glycerol as sole carbon source and the absence of growth was confirmed. We isolated 10 respiratory-deficient strains and selected one strain designated K901q for further studies.
Aerobic culture
Seed cultures were prepared by inoculating cells grown on slants into test tubes containing 5 mL of YPD for 24 h, and 1 mL of culture was transferred to microtube, centrifuged at 18 000 g for 30 s, and washed twice with sterilized distilled water. A dilution series (10
À1
-10 À6 ) was prepared, and 5 lL of each dilution was spotted on a glycerol-YNB plate (0.67% yeast nitrogen base without amino acids, 2% glycerol, 2% agar) and cultured for 3 days at 30°C.
Measurement of mitochondrial membrane potential
Mitochondrial membrane potential was determined using flow cytometry with Rhodamine 123 as described previously (Oba et al., 2008) . Sake yeast strains were cultivated in 50 mL of YM-10 medium for 24 h at 30°C. One microliter of Rhodamine (100 lg L
À1
) was added to 1 mL of yeast culture and incubated for 3 min at 25°C. The stained cells were harvested by centrifugation, washed, and suspended in water. The fluorescence of 50 000 cells was quantified using a Beckman Coulter EPICS XL-MCL flow cytometer (Beckman Coulter), and the data were analyzed using EXPO32 ADC software. All experiments were performed twice with independent cultures.
Organic acid production under culture conditions that decreased mitochondrial membrane potential Seed cultures of strain K901 were inoculated into 5 mL of medium containing 1% yeast extract, 2% bactopeptone, and 3% glycerol and were incubated at 30°C for 48 h with aeration by shaking the flask at 200 r.p.m. This starter culture (50 lL) was transferred to a test tube containing 5 mL of medium containing 1% yeast extract, 2% bactopeptone, and 10% glucose, and the culture was incubated statically at 30°C for 72 h. Organic acid content was determined using a high-performance liquid chromatography system equipped with a conductivity detector (CDD-6A; Shimadzu, Japan) and a Shim-pack SCR-102H column. All experiments were performed in triplicate using independent cultures.
Results
Sake yeast strains that produce high levels of malic acid express relatively high levels of enzymatic activities involved in reductive malic acid synthesis Because previous studies proposed the presence of a reductive pathway for malic acid synthesis during the late stage of sake brewing (Muratsubaki, 1987) , we analyzed the activities of enzymes that may be involved in this process. For this purpose, crude extracts were prepared from yeast grown on YM-10 medium for 72 h that produce malic acid. The activities of seven enzymes (Table 1) were determined and compared among the parental strain K901 and three high malic acid producers. The activities of enzymes involved in the production of malic acid in a reducing environment, such as malate dehydrogenase and pyruvate carboxylase, were upregulated in strains that produced high levels of malic acid. In contrast, the activities of enzymes involved in the production of malic acid in an oxidative environment, such as fumarase, were downregulated.
Sake yeast strains with high malic acid productivity exhibit growth defects when cultured aerobically As MDH2 encoding malate dehydrogenase and SDH1 encoding succinate dehydrogenase are reported to be upregulated in response to decreased mitochondrial membrane potential , the results described above inspired us to hypothesize that the mitochondrial activities of strains that produced high levels of malic acid were low relative to the parental strain. Therefore, we determined the growth characteristics of these strains when cultured aerobically in the presence of a nonfermentable carbon source (glycerol). We found that these strains grew more slowly compared with the parental strain (Fig. 1) . We quantitated growth by analyzing the spot intensities (dilution 10 1 ) using imaging software and found that there was a significant negative correlation between spot intensity with malic acid synthesis (Fig. 2) . These results clearly indicate that the aerobic growth rate correlated with the level of malic acid synthesis.
Mitochondrial membrane potential correlates with malic acid synthesis
To determine whether mitochondrial membrane potential correlated negatively with malic acid synthesis, we quantitated mitochondrial membrane potential using flow cytometry. Because yeast cells incorporate Rhodamine 123, its fluorescence can be used to quantitate mitochondrial membrane potential. The fluorescence intensity of strain K901q, which lacks functional mitochondrial DNA, was low (Fig. 3a) . The mitochondrial membrane potential of the sake yeast strain 15BY14-3, which synthesizes relatively low levels of malic acid, was lower compared with its parental strain. The fluorescence intensities of many of the 11 high producers were significantly lower compared with the parental strain (Table 2) . Moreover, the fluorescence intensities correlated with malic acid levels ( Table 3) .
To further support our hypothesis that the high malic acid yield of sake yeast strain 15BY14-6 was because of decreased mitochondrial membrane potential, we performed an experiment using carbonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP), a specific uncoupler of mitochondrial membrane potential. FCCP increased significantly the malic acid levels in cultures of K901 compared with the untreated culture (P < 0.01; Fig. 4 ). The result indicates that the malic acid yield was regulated by the decrease in mitochondrial membrane potential and is consistent with our previous study (Motomura et al., 2012) . In contrast, there was no detectable increase in malic acid yield in cultures of the sake yeast strain 15BY14-6 treated with FCCP (P > 0.05; Fig. 5 ). This result is consistent with the possibility that the high yield of malic acid in cultures of sake yeast strain 15BY14-6 is because of the decrease in mitochondrial membrane potential.
The metabolic characteristics of the high malic acid producer isolated from sake mash are shown in Fig. 6 . The decreased mitochondrial membrane potential of this strain inhibits the import of pyruvic acid into the mitochondria, which accumulates in the cytosol and inhibits Data shown in Parent and Mutant columns represent fluorescence intensity of Rhodamine 123 incorporated by cells. Asterisks show where obtained data were significantly different to each experiment (**P < 0.01, *P < 0.05). 
Discussion
The relationship between mitochondrial membrane potential and the fermentation characteristic of brewery yeasts is a subject of debate (Albertin et al., 2013) . We believe that mitochondria play specific roles in determining the fermentation characteristics of yeasts, and our present study presents compelling evidence to support this hypothesis. Specifically, the data presented here support the conclusion that mitochondrial membrane potential is influenced by mutations in genes involved malic acid production. Albertin et al. (2013) reported that the mitochondrial genome does not affect the fermentation characteristics of brewery yeasts. Therefore, we believe that mutations in the mitochondrial genome of the isolates were not responsible for their malic acid production profiles. We believe that this hypothesis is supported by findings that the effects of detrimental mutations in the mitochondrial genome are removed by complementation between fused mitochondria (Ono et al., 2001) . Moreover, although high malic acid-producing strains expressed lower mitochondrial activities, the gene expression profiles of these strains show that transcription of mitochondrial genes is not significantly affected (Oba et al., 2011) .
We demonstrated that decreased mitochondrial electron potential leads to an increase in malic acid levels, possibly through accumulation of pyruvate in the cytosol followed by its carboxylation to oxaloacetate and reduction to malic acid (Motomura et al., 2012) . Taken together with the results presented here, we believe that it is reasonable to conclude that the decreased mitochondrial electron potential of the mutants led to a decrease in the amount of pyruvate that was transported into mitochondria, which, in turn, led to the accumulation of pyruvate in the cytosol and an increase in the level of cytosolic malic acid. Although we did not determine the mutations responsible for the decrease in mitochondrial membrane potential and high malic acid production, we hypothesize that mutations caused a decrease in mitochondrial membrane potential in these strains. For example, because we detected decreased expression of genes such as THI4 and SNZ2 that encode enzymes involved in thiamine synthesis by high malic acid-producing strains, mutations that affect the expression of these genes might decrease mitochondrial membrane potential. Although these strains were isolated independently from sake mash at frequencies of 1 : 200-1 : 300, their expression profiles were similar, suggesting that the phenotypes associated with these mutations are beneficial for their survival in sake mash.
In conclusion, we show here that variations in mitochondrial membrane potential caused by spontaneous genetic mutations determine the malic acid production profile of S. cerevisiae sake strains. We believe these novel findings deepen our understanding of the physiology of brewery yeasts.
